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Abstract

investigating biological motion perception in autism.

largest effect size overall.

Background: Biological motion, namely the movement of others, conveys information that allows the identification
of affective states and intentions. This makes it an important avenue of research in autism spectrum disorder where
social functioning is one of the main areas of difficulty. We aimed to create a quantitative summary of previous
findings and investigate potential factors, which could explain the variable results found in the literature

Methods: A search from five electronic databases yielded 52 papers eligible for a quantitative summarisation,
including behavioural, eye-tracking, electroencephalography and functional magnetic resonance imaging studies.
Results: Using a three-level random effects meta-analytic approach, we found that individuals with autism
generally showed decreased performance in perception and interpretation of biological motion. Results additionally
suggest decreased performance when higher order information, such as emotion, is required. Moreover, with the
increase of age, the difference between autistic and neurotypical individuals decreases, with children showing the

Conclusion: We highlight the need for methodological standards and clear distinctions between the age groups
and paradigms utilised when trying to interpret differences between the two populations.
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Background
Biological motion (BM), namely the movement of other
humans, conveys information that allows the identifica-
tion of affective states and intentions [1-3]. BM process-
ing specifically is the ability of individuals to detect, label
and interpret human movement and to allocate certain
emotional states to it. Thus, BM is an important compo-
nent of social perception. Moreover, neurotypically de-
veloping (NT) individuals have been shown to be able to
readily extract socially relevant information from sparse
visual displays [1, 2]. Specifically, point-light displays
(PLDs), which portray BM with points located only on
the major joints, are readily recognised as depicting dif-
fering actions by NT [4].

Pavlova [2] argues that an inability to extract socially
relevant information from BM could have damaging ef-
fects on social functioning. In fact, individuals with an
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intellectual disability have been shown to have no prob-
lem in identifying different types of motion [5, 6],
whereas individuals with social functioning difficulties
such as autism spectrum disorder (ASD) have shown re-
duced ability in extracting social information from BM
[7]. Indeed, ASD’s main diagnostic characteristics in-
clude problems with social interaction and communica-
tion as well as repetitive and/or restrictive behaviours
[8]. Thus, the social impairment in ASD can, to some
extent, be readily related to a reduced ability to extract
information from BM.

However, findings on BM in ASD tend to be mixed
[7]. For example, some studies, which investigated the
identification or recognition of actions from BM [9-12],
did not find significant differences between NT and
ASD individuals, whereas others have found differences
between the two groups [13—15]. Simmons et al. [7] and
McKay et al. [14] argue that this is because there is vari-
ability between ASD individuals. Several factors have
been suggested to introduce this variability.
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One of these potential factors is age. Specifically, on
the one hand, it appears that research in children tends
to consistently show an impairment in BM interpret-
ation [5, 13, 16]. Whilst, on the other hand, research in
adults does not find differences in performance in action
perception and BM recognition [9-11].

Person characteristics such as sex and IQ have also
been suggested to contribute to the variability of re-
sults. Specifically, IQ has been identified as a predictor
of performance in some studies [17, 18] but not in
others [9, 19, 20]. Furthermore, a recent meta-analysis
by Van der Hallen et al. [21] looked at local vs. global
paradigms, where individuals have to ignore the global
context to be able to focus and perform a task on the
specific parts or vice-a-versa. They observed greater dif-
ferences when the proportion of females was higher.
Hence, these demographic characteristics of the sam-
ples should be investigated as potential contributors to
the variability in the findings.

The task at hand has also been considered as a con-
tributing factor. Koldewyn et al. [22] argue that individ-
uals with ASD are able to identify BM presented
through simple PLDs from noise and classify them; how-
ever, it is the extraction of higher order information,
such as emotional content, that shows the largest per-
formance difference. In fact, although Hubert et al. [9]
and Parron et al. [12] did not find differences between
NT and ASD in action recognition, they found differ-
ences in emotion recognition from biological motion for
adults and children. Additionally, Fridenson-Hayo et al.
[23] found that in children, this difference in emotion
recognition from BM is evident for both basic (e.g.
happy, sad) and complex emotions (e.g. disappointed,
proud) as well as being evident cross culturally (Britain,
Sweden, Israel). Thus, both children and adults with
ASD tend to be less sensitive to emotional content.

It has been suggested that eye-tracking research can in-
form our understanding of the social difficulties in ASD.
A review and meta-analysis of eye-tracking studies showed
that in ASD, attention to social versus non-social stimuli
may be reduced [24]. The analysis also found that de-
creased attention might be given to the eyes and increased
attention to the mouth and body compared to NT individ-
uals. However, Chita-Tegmark [24] noted that the results
were very mixed. This may have been because the authors
tried to include a large number of studies and thus inevit-
ably included a mixture of more than one type of stimuli,
including faces, eyes and bodies. Specifically, bodies con-
tain vital social information and are perceptually different
from faces [25]. Thus, different processes may be involved
when looking at these different stimuli. Nevertheless, even
when looking at eye-tracking studies focusing only on bio-
logical motion, the same variability is observed. Namely,
in preferential looking paradigms, children have shown
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reduced visual orientation to biological motion [5, 26, 27].
This difference between NT and ASD has not been found
in adults [28]. In contrast, Fujisawa et al. [29] show that
pre-school children tend to have a greater preference for
upright than inverted BM, which was additionally greater
than that in NT children. Hence, it is apparent that incon-
sistencies in eye-tracking studies also exist but cannot be
simply explained by age as a driving factor.

One study argued that the mixed findings in the BM
literature within ASD are due to ASD utilising different
brain networks which develop later in life. Hence,
McKay et al. [14] investigated BM perception between
ASD and NT and found that the brain areas that com-
municate with each other in ASD are not the same as
the ones found in NT. Specifically, functional magnetic
resonance imaging (fMRI) studies tend to find reduced
activation in ASD for areas such as the superior tem-
poral sulcus, middle temporal gyrus and inferior parietal
lobule. These are all areas that have been found to be re-
lated to the perception and interpretation of human mo-
tion and actions [30-32]. NT individuals, however, show
connectivity within areas involved with action and hu-
man motion observation—such as the inferior and su-
perior parietal lobules. On the other hand, individuals
with autism have been found to have brain networks
that involve connectivity with the fusiform, middle tem-
poral and occipital gyri, which are all areas considered to
be involved in more basic level motion perception rather
than action recognition [14, 31].

Similarly, the mirror neuron network (MNN) has been
implied to be related to social functioning as it is associ-
ated with observing and understanding the actions of
others. Thus, Kaiser and Shiffrar [33] argue that the
MNN could contribute to the impairments seen in ASD.
Moreover, Villalobos et al. [34] have shown reduced
functional connectivity in the prefrontal mirror neuron
area in individuals with ASD. The MNN has mainly
been investigated in imitation paradigms [35, 36] and in-
deed, dysfunctional activation has been identified in in-
dividuals with ASD. However, since the MNN is also
involved in understanding others’ actions, its activation
during simple action observation has also been investi-
gated in ASD because understanding others’ actions is
an integral part of social functioning. Most commonly,
mu-suppression has been used to assess human mirror
activity [37] and reduced mu-suppression has been
found in ASD participants in comparison to NT individ-
uals both when performing and observing BM [35, 38].
Thus, it appears that the impairment in the MNN could
be another contributing factor to the social difficulty
present in BM perception in ASD.

In order to help bring clarity to the field, there is a
need for a quantitative review of the research done on
BM perception in ASD. Previous literature reviews have
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already argued for reduced ability in interpreting social
information from BM and about the diagnostic utility
of biological motion in ASD [33, 39]. In one such at-
tempt, Van der Hallen et al. [40] conducted a meta-
analysis on global motion visual processing differences
between individuals with ASD and neurotypically devel-
oping individuals in behavioural paradigms. They in-
cluded 48 studies—28 looked at coherent movement
processing from random dot kinematograms and 20
looked at biological motion detection or discrimination
of BM from other types of motion (i.e. scrambled). Glo-
bal motion processing in their context refers to being
able to combine several moving stimuli into a coherent
shape (i.e. PLDs) or to perceive a coherent direction of
the motion of dots despite the existence of unrelated
distractor noise. Van der Hallen et al. [40] found overall
differences between ASD and NT individuals in global
motion processing but did not find a specific effect for
biological motion, rather an effect that indicated a gen-
eral decreased performance in detecting or recognising
global motion patterns in perception paradigms. Whilst
Van der Hallen et al. [40] found no effect of potential
moderators on group differences; they suggest that this
may have been due to underpowered studies rather
than there being no real effect. However, they did not
include emotion processing paradigms and only com-
pared PLDs and random dot kinematograms despite
there being other forms of biological motion paradigms,
such as animated humans and videos of humans. An-
other attempt at summarising the behavioural findings
in the field was done by Federici and colleagues [41].
They focused on characteristics of PLDs, the levels of
processing (first-order/direct/instrumental) and the
manipulation of low level perceptual features in PLDs.
They partially answer the question of the effect of the
utilised paradigm, showing that when inferring inten-
tions/actions/emotions is required in the task and when
temporal manipulations are made to the stimuli, the ef-
fects are larger. Unfortunately, their meta-analysis did
not focus on the characteristics of the autistic individ-
uals, which, as seen above, have also been suggested to
introduce variability in the findings. Finally, whilst Van
der Hallen et al.’s [40] and Ferderici et al.’s [41] meta-
analyses address the need for a summarisation and ex-
ploration of the variability in the results in the litera-
ture to a certain extent, their meta-analyses do not fully
answer the questions about participant characteristics
and their role in the existing findings.

To be able to understand what could drive potential
behavioural differences, it is important to also review
brain imaging literature for potential answers. There
have been some previous attempts to summarise this lit-
erature. A meta-analysis on the fMRI investigation of
ASD, which included studies on social perception in
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ASD, found differences between the ASD and NT
groups in both basic social tasks such as face recognition
and biological motion recognition, and in complex social
tasks—i.e. emotion recognition [42]. However, within so-
cial perception, face perception was also included which
limits the conclusions that can be made for the percep-
tion of only human movement. Similarly, a systematic
review by Hamilton [43] tried to summarise the electro-
encephalogram (EEG) literature on MNN and autism in
BM observation, reporting that experiments probing the
relationship between MNN and ASD have produced
very mixed results. However, Hamilton [43] does not
provide a quantitative summary of the analysis, only a
narrative one.

Since there are inconsistencies in previous findings,
behavioural, eye-tracking and brain imaging evidence
will be reviewed to identify whether there is substantial
evidence for decreased measures of performance in per-
ceiving and understanding BM in individuals on the aut-
ism spectrum. We choose to focus solely on biological
motion perception as body movement presents qualita-
tively and perceptually different information from faces
and eye-gaze [25]. Moreover, we want to minimise any
inflation or deflation of the effect size of the difference
between the two groups, which could be caused by the
inclusion of faces and eye-gaze information, which in
turn could limit the scope of interpretation. We include
studies which have used videos of real humans perform-
ing movements, cartoons, which represent humans or
human body parts (i.e. hands) (collectively termed full-
light displays), and PLDs as described above. The inclu-
sion of both behavioural and physiological measures will
allow us to develop a comprehensive understanding of
the differences between ASD and NT individuals. Where
enough data were available (only in behavioural studies),
we also investigate the effects of different contributing
factors such as the age, sex and IQ of the participants,
the quality of the studies and the effect different para-
digms might have on the size and direction of the effect
sizes.

Methods

Protocol

Before commencing this meta-analysis, an informal proto-
col was agreed by all authors based on PRISMA guidelines
[44]. Following these guidelines, the protocol includes de-
tails about the methodology and the steps taken to collect
and analyse the data, which were agreed prior to commen-
cing this meta-analysis. Through discussions throughout
the meta-analytic process and as problems arose, small
changes were agreed upon by all authors, such as the exact
analysis software, publication bias measures, age categor-
ies, etc. The changes are indicated within the protocol.
The protocol is available upon request.
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Study selection
In order to identify eligible studies, we conducted a system-
atic literature search. The computerised search involved
using the following electronic databases: Dissertations &
Theses A&I (ProQuest), Dissertation & Theses: UK &
Ireland (ProQuest), Web of Science, PsycINFO (EBSCO-
host) and MEDLINE (OVID). The following search terms
were used ‘autis*, ‘biological motion’, ‘human motion’, ‘asd’,
‘asperger”, ‘childhood schizophrenia’, ‘kanner®, ‘pervasive
development* disorder”, PDD-NOS’, ‘PDD¥, ‘PLD*,’point-
light display*, “action observation*”, “action observation
network*”, ‘AON’. The asterisk represents truncation,
allowing the search to find items containing different end-
ings of the term. Dissertations and Theses databases were
searched in order to identify unpublished experiments in
an attempt to minimise bias. The search was limited to re-
sults in English. Additional file 1 shows the search strategies
used and the number of results the search returned. The
search included a wide time span as no lower time criterion
was imposed on the search engines allowing us to access
the first available records. Results included records up to
and including the first week of November 2017. A second
search was done in May 2019 for any additional records,
due to the substantial time that had passed from the initial
search.

The following exclusion/inclusion criteria were then
used when screening the remaining records’ abstracts
and full text:

1. Published before week one of November
2017(search 1) and May 2019 (search 2)

2. Published primary empirical articles and theses with
non-published results—excluding review articles,
opinion pieces, correspondences, case studies, and
meta-analyses

3. Participants in the sample must have an ASD
diagnosis

4. Diagnosis must be confirmed through ADOS, ADI-
R or a clinician

4.1 Added during review process: additional diagnostic
measures such as the 3-Di, DISCO; those that are specific
to Asperger’s disorder, for example the Gilliam Asperger
Disorder Scale (GADS, as cited in Price et al. [45]), the
Asperger Syndrome (and high functioning autism) Diag-
nostic Interview (ASDI as cited in Price et al. [45]) and the
high-functioning Autism Spectrum Screening Question-
naire (ASSQ as cited in Price et al. [45]) were also ac-
cepted as confirmation of ASD diagnosis. Additionally, the
Chinese/Japanese equivalents of tests were accepted as in
Wang et al. [46] and Fujisawa et al. [29].

5. Study must contain fMRI, EEG, eye-tracking and/or
behavioural designs
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6. An ASD and NT control group must be present
and compared

7. Although human biological motion includes face
motion and eye-gaze, only papers involving human
body movement were included to provide a more
focused review. These include full-light displays and
PLDs

8. When stimuli that aim to minimise the availability
of structural cues (e.g. PLDs) were used, the stimuli
must represent human form with a minimum of
two points for PLDs

9. Studies that used videos of people or cartoons
where the face was not obstructed were not
included as faces could confound with the
participants’ performance

10. Papers that focus on imitation of biological motion
were not included

11. If papers focusing on imitation included a separate
analysis of BM observation, solely the BM
observation was included where possible

12. Similarly, if paradigms included additional stimuli,
but performance on the BM paradigm was analysed
and could be extracted separately from the other
stimuli, only that analysis was included

13. Only papers that included t-statistics, descriptive
statistics and/or effects sizes were included Data re-
quests were made to authors, where eligible papers
did not include the necessary data.

Two reviewers independently screened the titles, abstracts
and full texts against the eligibility criteria. Disagreements
were discussed and resolved by the two reviewers or by con-
sultation with the third author. The final decisions on inclu-
sion/ exclusion of the studies were compared between the
two reviewers. Cohen’s Kappa at the first search was calcu-
lated which equated to 64.07%. However, since Cohen’s
Kappa is sensitive to distribution inequality [47] and ~ 92%
of the records were classified as false positives, the prevalence
index (0.816) and the prevalence-adjusted kappa (PABAK)
of inter-rater reliability were calculated (PABAK = 87.98%
inter-rater reliability, absolute agreement = 93.99%).
To minimise effort at the second search, inclu- sion/
exclusion was compared at abstract level and then at
full-text level (Abstract level: Kappa = 70.72%, PABAK =
80.33%; Full-text: Kappa = 69.57%, PABAK = 71.43%)

The references of included records were screened by
hand, split between the two reviewers. Five further re-
cords were identified.

Coding and data extraction

Coding of the studies was split between the first and sec-
ond author. The studies were not double coded; how-
ever, the studies coded by the second author were
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double-checked by the first author. Papers were coded
and data was extracted for the following variables:

1. Sample size for each group
Age: Mean and Standard deviation were extracted
for both the NT and ASD groups and each group
was post-hoc classified into one of three age group-
s—children (< 13), adolescents (> 13 and < 19) and
adult (> 19)

3. Full-Scale IQ: Mean and standard deviation were
extracted for both the NT and ASD groups

4. Non-verbal IQ: Mean and standard deviation were
extracted for both the NT and ASD groups

5. Sex ratio: the sex ratio for each group was extracted
and transformed into the proportion of females
present in the sample

6. Paradigm: the type of paradigm used was extracted
and categorised as 1—Detection of biological
motion in noise or in comparison to another
stimulus (usually upside down or scrambled PLD)
[11, 13, 45]; 2—Action and subjective states
categorisation or recognition [15, 20, 46];
3—Emotional states categorisation [19, 23, 48];
4—Passive viewing (only relevant in fMRI, EEG and
eye-tracking). What category each study falls in can
be seen in Tables 1 and 2. Although we initially
attempted to separate detection in noise from rec-
ognition in comparison to other stimuli, the authors
later decided that both tasks would require a similar
process of integrating low level information into a
coherent human form to perform the task. Thus, to
create balanced categories and conceptually cohe-
sive categories, the two categories were combined.

7. Type of stimulus: the stimuli were grouped into two
categories: 1—PLDs; 2—Full-light displays—videos
of real people or animations

Data on performance in the sense of descriptive
statistics, ¢t values or effect sizes (d), were extracted
from each paper. Effect sizes for thresholds, accur-
acy, sensitivity indices, error rates and reaction times
were recorded from the behavioural studies. The
areas of activation with contrasts of ASD > NT or
NT > ASD were recorded from the fMRI studies and
fixations or proportion of fixations were collected
from the eye-tracking experiments. Eye-tracking
studies included preferential looking paradigms in
which percentage fixations were recorded as an indi-
cation of preference for one display, i.e. BM, over
another, i.e. inverted BM. Differences in EEG-
recorded activation between the NT and ASD groups
were extracted from the EEG experiments, along
with the specific frequencies and electrodes used.
Additionally, the following variables were extracted
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to allow for a complete account of the included
studies and quality assessment:

1. Diagnosis confirmation criteria

Type and number per diagnosis category (where

available)

Additional diagnoses reported

4. Verbal IQ and other cognitive abilities that were
not measured by a complete IQ assessment

5. Length of presented stimulus

w

Quality assessment

Risk of bias for behavioural, eye-tracking and EEG stud-
ies was assessed by two independent reviewers using the
standard quality assessment (SQA) criteria for evaluating
primary research papers from various fields for quantita-
tive studies [78]. The checklist contains 14 items. Items
5 (If interventional and random allocation was possible,
was it described?), 6 (If interventional and blinding of in-
vestigators was possible, was it reported?), 7 (If interven-
tional and blinding of subjects was possible, was it
reported?) were not used as they refer to the use of in-
terventions which are not applicable for the studies
reviewed here. Each of the remaining 11 items can re-
ceive 2 points if the assessed study fulfils the criteria; 1
point if it partially fulfils the criteria and 0 points if it
does not fulfil the criteria at all. A summary score was
calculated for each paper by adding the total score and
dividing it by the total possible score. The total score
after excluding the previously mentioned three items is
calculated with Eq. 1. One study [56] provided only de-
scriptive information of results (no inferential statistics)
and was judged on fewer items (Q1-4, Q8-9, Q13-14).

28-(3[excluded items]x2) = 22 (1)

Eight studies were chosen at random to pilot the quality
assessment. Disagreements were discussed and all papers
were re-evaluated. An initial comparison was then done
between the reviewers’ scores. It was found that most dis-
agreements were on item 12 (‘Controlled for confound-
ing?). This item was discussed, and the papers were re-
evaluated for that item. Disagreements of more than 3
points difference were further discussed on an item-by-
item basis. Final comparison of all papers resulted in 18
papers upon which the reviewers completely agreed on
the total score. There was no more than a two-point abso-
lute difference between the reviewers’ scores for the
remaining papers. Thus, the scores for these papers were
averaged across both reviewers. Differences between the
two reviewers were mostly in the assignment of full or
partial points for the items, which was also evident in the
original piloting of the scales during its development [78].
Overall, the disagreement between the reviewers in the
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quality score given to each study was quite low with small
variability—0.038 (SD = 0.035, min-max [0-0.091]). In
total, 47 papers were evaluated. The overall SQA score
given to all papers was medium/high—0.792 (SD = 0.065,
min-max [0.636—0.955]).

We were unable to locate a standardised quality as-
sessment measure that would allow us to assess the
quality of fMRI papers. Thus, the assessment was done
using relevant criteria from the SQA. Specifically, ques-
tions related to the analysis and results were excluded
and the fMRI methodology was assessed for robustness.
This was done collaboratively by the authors.

For the fMRI studies, which included an analysis of be-
havioural performance, the fMRI part of the analysis was
disregarded initially, and the rest was assessed using the
standard SQA procedure described above. This was
done to provide a comparable score across the studies
that incorporated behavioural performance and to allow
for the inclusion of the quality measures as a predictor
variable in the analysis. Afterwards, their fMRI protocols
and analyses procedures were assessed for methodo-
logical robustness by the third and first author. The ori-
ginally agreed upon score from the SQA was added to
the score given for the methodological robustness and a
new average quality score was calculated. For the fMRI
papers that did not contain a behavioural paradigm, we
used the relevant questions from the SQA (Q1-Q4, Q9
and Q12-Q14). Additionally, their protocols and ana-
lyses procedure were assessed for robustness. These
scores were added and a composite score was given.
Thus, it is important to underline that the quality scores
for the fMRI papers are not directly comparable with the
rest of the papers. The quality assessment scores for
each study are presented in Tables 1 and 2.

Additionally, in order to evaluate the quality of the evi-
dence included, we have further conducted a weight of
evidence analyses [79]. The majority of shortcomings
that were identified came from a non-randomised pro-
cedure or not including all sample characteristics. De-
tails of this analysis are shown in Additional file 2. It
indicates that despite their shortcomings, the included
studies provide good quality and relevant evidence in
support of our conclusions.

Statistical analysis

The following analysis procedure was applied to the be-
havioural, eye-tracking and EEG experiments. For each
included paper, the descriptive statistics, ¢ values or
Cohen’s d were used to calculate Hedges” g as the com-
mon representation of effect size for all studies. All the
calculations and transformations were done by firstly
calculating Cohen’s d and its variance. A correction for
small sample size was applied to get the unbiased esti-
mate of Hedges’ g. The variance of g was estimated
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based on the sample sizes of each study. All the calcula-
tions were done using the R package compute.es [80] in
R(v3.4.1) [81] and RStudio (v.1.1.453) [82]. A precision
index was calculated for each study as the inverse of the
variance (1/variance). Positive Hedges” g corresponded to
higher scores (better performance) in NT, when com-
pared to ASD. Five top outlier outcomes were identified
using a boxplot. An analysis of the initial model with
and without the outliers showed that without the out-
liers, the variance between the studies reduced by a fac-
tor of 1.3 and the residual estimates reduced by a factor
of five. Thus, all statistical analyses within this paper re-
port the results without the outliers.

Six studies provided RT data. Since a previous meta-
analysis [21] showed that RT outcomes tap into different
processes in comparison to the rest of the extracted out-
comes, they were analysed separately from the rest of
the behavioural outcomes. Two top and one bottom out-
lier were identified using a boxplot. As above, the vari-
ance between the studies reduced without the outliers,
and the residual estimate reduced by a factor of 3.6.
Thus, all statistical analyses report the results without
the outliers.

Since papers rarely report only one outcome and/or
have only one experiment from which an effect size can
be extracted, the traditional (two-level) meta-analysis is
not appropriate due to the dependencies that come from
using the same subjects or having the same researchers
conduct the study [83—85]. Therefore, the analysis was
extended to a three-level meta-analysis, which takes into
account the variance due to the variation of the effect
sizes included; the variance that occurs within the same
study and the variance that occurs between the studies
[84]. Therefore, the three-level analysis estimates these
three variance elements. The error only linear model
with no moderators as given by Cheung [83] is shown in
Eq. 2:

g = o + Uk + Ui + ej (2)

Where g is the effect size for outcome j from study k
and is represented by Hedges’ g; a; is the grand mean of
all effect sizes across studies; u; represents the deviation
of the average effect in study k from the grand mean; u
is the deviation of effect j in study k from the average ef-
fect of study k; and finally ey is the residual variation not
explained by the previously defined variances [83]. This
random effects model is then extended by including
moderators. A series of meta-analyses were conducted
to investigate the effect of one or a combination of more
than one of the following covariates: age, sex ratio, full-
scale intelligence quotient (FSIQ) and non-verbal
intelligence quotient (NVIQ) for each group, as well as
the paradigm and the stimuli. When moderators are
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added to the analysis, there are two sets of effect sizes
that need to be kept in mind. The first set of effect sizes
are the difference between ASD and NT at that level of
the moderator (or combination of moderators). These
are presented in Tables 4 and 5. The second set of effect
sizes are the ones which represent the size of the differ-
ence between the different levels. For example, a positive
effect size will indicate that at the first level of the mod-
erator, the difference between ASD and NT is larger
than at the second level. Negative effect sizes here repre-
sent that there is a larger effect at the second/third/etc.
level than at the previous level.

The parameter estimation was done using maximum
likelihood, implemented in the mixed procedure in the
statistical package SAS (release 9.04.01, [86]). Due to the
imbalance of studies when the predictor variables were
added, the Satterthwaite method was used to calculate
the denominator degrees of freedom [87]. Additionally,
to investigate the effects at each level of the categorical
variables, a least square means procedure was applied.

To assess heterogeneity, the I° statistic [88] was calcu-
lated. Since we are using a three-level analysis and po-
tential heterogeneity can occur at the second or the
third level, we used the modified formulas provided by
Cheung [83]. The I* statistic was calculated only for the
initial model, the model with the paradigm as a moder-
ator and the model that included both paradigm and age
as moderators. This was done because these three
models contained the same studies and thus the effect of
the moderators on the heterogeneity could be compared.

The calculations for level 2 1%2) and level 3 1%3)are shown

in Eq. 3 below. 1%2) and 1%3) represent the proportion of

variation which can be attributed to the between and
within studies respectively.

o)
2 o= 2 3
O iy + iy + ®)
o)
u
12 — (3) 4
O, iy v @)

Where

from the model, it%3> is the within study variance calcu-

it(zz) is the between study variance calculated

lated by the model and v is the typical within study vari-
ance calculated by Eq. 4 as suggested by Higgins ant
Thompson [88].

> wi(k-1)
(Cwi)*- 3w

Where w is the inverse variance and k is the number
of studies.

(5)

‘N/:

Page 14 of 28

Publication bias was assessed with Egger Regression [89]
and the Trim and Fill method [90] using a two-level ran-
dom effects model. The analysis was performed using a
SAS macro created by Rendina-Gobioff and Kromrey [91].

ALE analysis of fMRI studies
To analyse the fMRI data, activation likelihood estimation
(ALE) in GingerALE v3.0.2 [92-94] was employed. Foci
from the between group contrasts, which had reached stat-
istical significance, were first extracted from the studies and
converted where necessary into Talairach space using Gin-
gerALE. When both whole-brain and region-of-interest
analyses were performed, and coordinates were available,
the ones from the whole-brain analysis were used. In ALE,
the activation foci are shown as a three-dimensional Gauss-
ian probability density function, centred at the specified co-
ordinates. The spatial overlap of these distributions across
the different studies and the spatial uncertainty due to
inter-subject and inter-experiment variability are then com-
puted. This results in activation maps, which can be seen as
summaries of the results of a specified study after consider-
ing the spatial uncertainty present. Through the combin-
ation of these maps, the convergence of activation patterns
across studies can be calculated. This is confined to a grey
matter shell and above chance clustering between the stud-
ies is calculated as a random-effects factor [93]. We per-
formed ALE analysis for the NT > ASD contrast only, since
only two studies found differences at the ASD > NT con-
trast [57, 73]. Only two studies [32, 71] provided data for
emotion detection/identification paradigms, thus this was
not analysed separately. Although, our initial intent was to
investigate the effects of age, the small amount of studies
that provided information about the differences between
the ASD and the NT group would not allow for a separate
investigation, without introducing spurious results and fur-
ther complicating the mixed literature in the field. Thus,
the readers should keep in mind that the ALE analysis and
the output produced contains research from both children/
adolescents and adults as well as emotion and BM detec-
tion/observation paradigms. Using the recommended
thresholding procedure—cluster defining threshold of 0.001
and cluster-wise family-wise error correction of 0.05, we
were not able to identify any significant clusters. An ex-
ploratory analysis is reported where we used an uncor-
rected p value of 0.001 and maximum cluster size of 200
mm?.

Data used for the analysis is deposited in a data reposi-
tory, the link and reference to which will be added post
acceptance, to allow for masked review.

Results

The initial (November 2017) study search returned 793
records. The output from all databases was combined
and duplicates were removed using two strategies.
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Initially, R software was used to remove duplicate re-
cords that appeared in the same format between the
searches. Then, the articles were screened by hand to re-
move additional duplicates. This resulted in a total of
516 records. At the second search (May 2019), 124 re-
cords were identified and Rayyan software was used [95].
Out of those 45 were identified as duplicates from the
previous search and 18 were identified as duplicates be-
tween the databases. This resulted in a total of 61
records.

The selection process resulted in a set of 47 papers.
Five further records were identified from the refer-
ences of the included papers. From these 35 contrib-
uted to the behavioural studies category, five to the
eye-tracking category, five to the EEG category and
11 to the fMRI category. An overview of the inclu-
sion/exclusion process is shown in the PRISMA flow
diagram in Fig. 1 below.
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The included studies and their descriptive information
can be seen in Table 1 (behavioural, eye-tracking and
EEG) and Table 2 (fMRI). The two tables also show the
effect sizes for each study, their variance and standard
error, their weight of evidence score and their quality as-
sessment score.

This meta-analysis examined 52 papers, which contrib-
uted 80 (11 RT) behavioural effect sizes, seven eye-
tracking effect sizes, 25 EEG effect sizes and 76 fMRI
Foci. The sample size for the behavioural sample in-
cluded 1742 subjects (ASD: 867, NT: 875). The complete
eye-tracking sample included a total sample of 217 par-
ticipants (ASD: 65, NT: 122). The EEG sample had a
total sample of 170 participants (ASD: 75, NT: 95). The
fMRI sample had a total sample of 483 participants
(ASD: 234, NT: 249). Participant characteristics from all
studies (including studies considered outliers in the ana-
lyses) are shown in Table 3.

Records identified through Web of Science (51=483,
S2 =102), MEDLINE (S1 = 115, S2 = 19), PsycInfo (S1
=163, S2 = 1); Dissertation and Theses World Wide
(S1 =22, S2 = 2); Dissertation and theses UK and
Ireland (S1 = 10)*

Records after duplicates removed
(S1=516,52=61)

Records excluded based
on title/abstract most
common reasons include:
no inclusion of ASD

participants or a biological
motion paradigm, the

Records screened
(S1=516,52=61)

/ paper could not be located

or the paper was not an
empirical article.
(S1=395,52=47)

l

Full-text articles assessed
for eligibility
(S1=121,52=14)

I

Studies included in

qualitative synthesis
(S1=46,52=6)

A4

Studies included in
quantitative synthesis
(meta-analysis)
(n=52)

RISV PRISMA 2009 Flow Diagram
c
2
=]
©
=
=
E:; References of
S included papers
screened
— (n=3077)
(Y
£
<
)
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Excluded after duplicates
removed and
abstracts/full-text
( assessed
(n=3072)
2
=
&
w
A
\ Included
references
(n=5)
°
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)
=

Full-text articles excluded,
main reasons included:
diagnosis of ASD
participants not verified,
faces were included in the
paradigm, no comparison
between the NT and ASD
group performed,
Behavioural data not
available.
(S1=78,S2=10)

Fig. 1 PRISMA flow diagram representing the selection/inclusion/exclusion process. Adapted from Moher et al. [96]. * Note that the second
search did not look into Dissertation and Theses UK & Ireland, as it was covered by Dissertation and Theses Worldwide in the previous search
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Table 3 Participant characteristics in each type of analysis
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Paradigm  Included studies ASD NT N
(number of Age Proporionof  FSQ  NVIQ N Age Proportionof  FSIQ NVIQ N
studies)
(SD) females mean mean mean (SD) females mean mean mean
(SD) (SD) (SD) (SD) (SD) (SD)
Behavioural  [9-17, 19, 20, 22, 23, 1986  19.15 (27.69) 106.3 98.28 867 1946  23.38 (23.85) 111.93 105.28 875 1742
(N = 35) 30, 31, 45, 46, 48-65]  (10.75) 9.76) (13.58) (10.28) (7.42) (15.03)
RT (N =6) [10, 22,31,50,59,62] 1671 951 (843) 10563  96.25 123 1733 103 (8.19) 11607  108.56 135 258
(5.76) (3.84) (11.66) (5.76) (4.73) (3.36)
Eye-tracking [15, 26, 28, 29, 66] 1563 1542 (19.89) 105.65 101.05 81 1404 36.28 (24.69) 1155 1153(0) 138 217
(N=15) (14.5) (8.27) (6.58) (13.28) (0)
EEG (N =5) [38,67-70] 1815 2861 (3857) 11183 1098 75 1790 3549 (3645) 105.71 100.85 95 170
(10.85) (7.78) (3.11) (9.6) (9.05) (6.43)
fMRI (N = [30-32, 57, 71-77] 1803 1291 (9.99) 103.76 102.6 234 1754 1776 (21.99) 111.73 109.57 249 483
11) (7.05) (5.8) (5.84) (6.60) 6.41) (3.34)

Behavioural performance

Overall

The random effects three-level analysis of the overall
sample revealed a mean estimated effect size g = 0.6639
[SE = 0.0923, 95% Cls 0.4759-0.8520] £(31.6) =7.2, p <
0.0001, which represents a medium effect [97]. Overall,
this suggests that ASD participants were less accurate,
less sensitive or produced more errors when asked to
detect or interpret biological motion in comparison to
NT individuals. The between study variance (u; = 0.1965
[SE = 0.072], Z = 2.73, p = 0.0032) and the within study
variance (4 = 0.0701 [SE = 0.07], Z = 1, p = 0.1584)
show that variance occurred mostly between the studies.
The heterogeneity at level 2 is 1(22) = 0.424, which argues
for low to moderate heterogeneity and at the third level
1%3) = 0.0539, which falls under the category of low het-

erogeneity. The variance component was significant only
between studies, indicating that the results varied more
between than within studies, which mirrors the hetero-
geneity measures. It can be seen in Fig. 2 that the effect
sizes of the studies and their confidence intervals cluster
around the estimated effect size from the model, and
only a few studies cross the line of no difference. Studies
included in this analysis are as follows: [9-14, 16, 17, 19,
20, 22, 23, 30, 31, 45, 46, 48-51, 53-55, 57-65, 98].

Quality

An exploratory meta-analysis was run with the quality
given to the studies using the quality assessment tool.
However, there did not appear to be an effect of the
quality of the studies on the results—F(1,25.6) = 1.79, p
= 0.1932. It has to be pointed out that most studies re-
ceived quite high scores on the quality assessment meas-
ure, which could potentially explain the absence of an
effect. However, the inclusion of quality did reduce the
variation between the studies (u; = 0.1754 [SE = 0.0696],
Z = 252, p = 0.0058), despite slightly increasing the

within-studies variance (u; = 0.0753 [SE = 0.0767], Z =
0.98, p = 0.1631). For this reason, quality scores were
added as a covariate within the rest of the analyses [99].
For most cases, its inclusion either decreased covariance
between the studies or had no qualitative effect. All
studies from the overall analysis were included in this
analysis.

Stimuli

To see whether the type of stimuli—full-light or visually
sparse (e.g. PLDs)—had an effect on participant’s per-
formance, the stimuli type was added as a moderator
variable. One paper included both full-light displays, and
point light displays and thus was excluded [19]. This re-
duced the number of effect sizes for this meta-analysis
only from 64 to 63. The analysis showed that there was
no overall effect of the type of stimulus used—F(1,24.9)
= 091, p = 0.3493. Additionally, the effects for full-light
displays and PLDs were both significantly above 0—g =
0.9055 [SE = 0.3055, 95% CIs 0.2759-1.5351] £(24.7) =
2.96, p = 0.0066 and g = 0.5842 [SE = 0.1006, 95% Cls
0.3778-0.7905] t(27) = 5.81, p < 0.0001, respectively.
Full-light displays showed larger variance, potentially
due to a smaller number of studies (N = 10).

Paradigm

There was an overall effect of the type of paradigm
used—F(2,61.5) = 8.70, p = 0.0005. There was a sig-
nificant effect of each paradigm type as shown in
Table 4, indicating that participants with ASD per-
formed worse than the NT in all paradigms. More
interesting are the pairwise differences in perform-
ance between the paradigms. The difference in per-
formance between the detection of coherent BM and
action recognition/categorisation was not significant
(g = —0.0222 [SE = 0.1646, 95% CI - 0.3511, 0.3067],
1(63.8) = -0.13, p = 0.8933). However, there were
significant differences between the detection of BM
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Fig. 2 Forest plot showing the effect sizes (Hedge's g) from each study and its standard error as the error bars of the points. Different colours/
shapes represent the different age categories (red/circle—bellow or equal to 13; green/triangle—between 13 and 19; blue/square—older than
19) and the graph is split by paradigm. Solid line represents no effect; positive effect sizes represent instances where ASD participants performed
worse than NT; dot-dashed line represents the effect size extracted from the initial model (g = 0.6639)
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and emotion recognition/categorisation (g = - 0.5647
[SE = 0.1373, 95% CIs —0.8399, - 0.2896], t(55.8) =
-4.11, p = 0.0001), as well as between action recog-
nition/categorisation and emotion recognition/cat-
egorisation (g = -0.5426 [SE = 0.1922, 95% Cls -
0.9268, -0.1583], t(62.4) = -2.82, p = 0.0064). In
both situations, ASD participants showed decreased
performance in comparison to NT participants in
the emotion recognition/categorisation paradigms
than in any of the other two. After the paradigm
was added as a moderator, the variance reduced
slightly at the between studies level (u; = 0.1537)

Similarly, the heterogeneity decreased from the ini-
tial model for level 2 and for level 3 (1%2) = 0.3319
and 1?3) = 0). Finally, quality scores did not show a
significant effect at this stage F(1,29) = 3.48, p =

0.0724. All studies from the overall analysis were in-
cluded in this analysis.

Paradigm and age

Next, both age and paradigm were included in the ana-
lyses and were allowed to interact. A meta-analysis with
paradigm and age showed no main effects of paradigm

and disappeared at the within study level (uy = 0). (F(2, 44.2) = 2.10, p = 0.1348) and no interaction
Table 4 Simple effects for each paradigm

Paradigm ES g SE Lower Cl Upper Cl df t p>t

1 36 0.5041 0.1012 0.2989 0.7093 364 4.98 <0.0001*
2 17 05274 01476 02316 08233 547 357 0.0007*

3 14 10618 0.1422 07773 13462 60.] 747 <.0001%

1—Detection of BM in noise and recognition in comparison to other stimuli; 2—action recognition/categorisation; 3—emotion recognition/categorisation. ES

number of effect sizes, g Hedges’ g, SE standard error, df degrees of freedom
* Significant at 0.05
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between age and paradigm (F(2, 34.3) = 144, p =
0.2426). However, there was a significant main effect of
age (F(2,29) = 3.35, p = 0.0492). Simple effects of each
age group are reported in Table 5. Visual representation
of the effect sizes is shown in Fig. 2, where the graph is
separated by paradigm and the different age groups are
colour/shape coded. Note that only one effect was re-
corded for adolescents in the emotion category.

There were no significant differences in the effect size of
the ASD-NT difference between adolescents and adults (g
= -0.07848 [SE = 0.2178, 95% Cls - 0.5125, 0.7517], #(42.4)
= -0.36, p = 0.7204). However, there were significant dif-
ferences in the effect size of the ASD-NT difference be-
tween children and adolescents (g = 0.5313 [SE = 0.2523,
95% ClIs 0.01878, 1.0438], £(34.3) = 2.11, p = 0.0426) and
between children and adults (g = 04528 [SE = 0.1881, 95%
CIs 0.05998, 0.8457], £(19.7) = 241, p = 0.0260). The effects
show that in both cases if the tested participants were chil-
dren, the effects sizes were larger.

After both age and the paradigm were added as mod-
erators the variance between studies reduced even more,
with again no variance being attributed to the third level
(ux = 0.0866 and ujy = 0). Furthermore, the heterogen-
eity was almost completely accounted for by the moder-
ators (I, = 0.1363 and I7;) = 0).

Additionally, the quality scores showed a significant—F(1,
30.2) = 817, p = 0.0076, showing that with the increase of
the quality of the study, the smaller the effects were. All stud-
ies from the overall analysis were included in this analysis.

Sex

The proportion of females in the samples of both ASD
and NT participants was included as moderator variables
in two smaller meta-analyses. Since several studies did
not report information about sex, only 56 effect sizes
from 27 studies were included in these analyses. The
proportion of females in the ASD sample had no effect
on the results (F(1, 33.2) = 0.11, p = 0.7454) nor did the
proportion of females in the NT sample (F(1, 29.7) =
0.61, p = 0.4402). Studies included in this analysis are as
follows: [9-12, 17, 19, 20, 22, 23, 30, 45, 46, 48—50, 53—
55, 57-62, 64, 65, 98].

Table 5 Simple effects for each age group

Age ES g SE Lower CI UpperCl df ¢t p>t

1 17 09528 01463 0.6443 12614 17 651 <0.0001*
2 15 04215 0.1963 002701 08160 49 215 00368*

3 35 05000 0.1089 0.2751 0.7249 236 459 00007*

Age: 1—< 13, 2—> 13 and <19, 3—> 19. ES number of effect sizes, g Hedges’
g, SE standard error, df degrees of freedom
* Significant at 0.05
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Full-scale IQ

Similar to sex, there were several studies that did not report
FSIQ for one or both of the groups. For the ones that did
report the FSIQ of both ASD and NT participants, FSIQ
was also included as a moderator variable in two smaller
meta-analyses. These included 18 studies and 30 effect
sizes. There was no effect of FSIQ within the ASD sample
(F(1, 15.9) = 0.02, p = 0.8889) nor was there an effect of
FSIQ within the NT sample (F(1, 30) = 3.98, p = 0.0553).
Studies included in this analysis are as follows: [11, 14, 17,
19, 20, 22, 30, 31, 48, 53-55, 57, 58, 61, 64, 65, 98].

Non-verbal IQ

Only 14 studies and 18 effect sizes included the NVIQ
for both the ASD and the NT group. Two smaller meta-
analyses were performed using the NVIQ of each group
as moderator variables; however, there were no signifi-
cant effects neither for the ASD NVIQ (F(1,12.1) = 0.15,
p = 0.7012) nor for the NT NVIQ (F(1,11.3) = 0.00, p =
0.9921). Studies included in this analysis are as follows:
[11, 17, 19, 20, 22, 30, 31, 48, 50, 57, 58, 62, 98, 100].

Publication Bias

To evaluate the possibility of a publication bias, we plot-
ted the behavioural effect sizes against their standard
error with a funnel plot (see Fig. 3) [89, 101]. As can be
seen by their distribution, there is a wide variety of effect
sizes with similar standard errors. Specifically, there ap-
pears to be a lack of effect sizes with high standard er-
rors and low effect sizes and low standard errors with
high effect sizes, which stems from the relatively small
to moderate sample sizes in the studies. The inverted
funnel shape, which extends 1.96 standard errors around
the overall estimate, should include 95% of the studies.
However, one of the assumptions for that interpretation
is that the true effect is the same in each study [102]. It
is evident from Fig. 3 that 95% of the studies do not fall
within the funnel shape. However, we do not make the
assumption that the treatment effect is the same in each
study. Moreover, we show that the effects vary with age
and paradigm. Finally, it is possible that additional vari-
ability is added due to the heterogeneous nature of the
ASD population.

Besides visual inspection of the funnel plot, the Egger
regression method [89] was used to assess the possibility
of bias using a random effects model. Egger’s regression
detected a risk of publication bias—t = 2.5806, p =
0.0122. Specifically, there is slight asymmetry in the
lower end of the funnel plot, where larger standard er-
rors produced larger effect sizes. For this reason, the
Trim and Fill method from Duval and Tweedie [90] was
used. Using a standard random effects model, the ana-
lysis indicates publication bias in the right tail of the
funnel plot, indicating that more studies were published
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with large effect sizes and large standard errors. This
was mirrored by the direction of the effect found in the
meta-analysis including the quality assessment scores.

Reaction time

The random effects three-level analysis of the overall RT
sample revealed a mean estimated effect size g = 0.384 [SE
= 0.1828, 95% CIs - 0.037-0.8055] #(8) = 2.1, p = 0.0689,
which represents a small effect [97]. Overall, this suggests
that ASD participants showed non-significantly slower RT
in the BM paradigms in comparison to NT individuals.
There was no between study variance (#; = 0) or within
study variance (u;= 0), thus heterogeneity was not calcu-
lated. With the removal of outliers, there were only eight
effect sizes left, and further moderation analyses were not
run [103]. Figure 4a shows the distribution of effect sizes
for the reaction time paradigms. Studies included in this
analysis are as follows: [10, 22, 59, 62].

Eye-tracking

As there were only five papers that provided enough in-
formation to extract data about effect sizes in eye-
tracking experiments, a meta-regression with modera-
tors was not conducted. The five studies contributed a
total of seven effect sizes. The overall analysis revealed a
mean estimated effect size g = 0.9172 [SE = 0.4865, 95%
Cls -0.3552, 2.1896], t(4.73) = 1.89, p = 0.1214, which
represents a large effect, but non-significant [97]. Over-
all, this means that ASD participants showed less prefer-
ence for biological motion in comparison to NT
individuals; however, it should be noted that it was not
significant, which is predicated by the broad confidence

intervals around the estimate. The between study vari-
ance (u; = 1.0862 [SE = 0.7841], Z = 1.39, p = 0.083)
and the within study variance (uj = 0.0) showed that
variance occurred mainly between studies, which was ex-
pected due to the small number of studies. However,
none were significant indicating consistency between the
studies’ results and the results within studies. It is im-
portant to point out that due to the small number of
studies and the large confidence intervals, these results
should be taken with caution. Figure 4b shows the distri-
bution of effect sizes for the eye-tracking paradigms. All
studies reported in Table 1 under the eye-tracking sub-
heading are included.

EEG

There were 25 effect sizes provided by five studies. The
overall effect size revealed by the analysis was not sig-
nificant—g = 0.6489 [SE = 0.3271, 95% ClIs - 0.02476,
1.3226], t(25) = 1.98, p = 0.0584. Similar to the eye-
tracking results, this showed a medium effect size but
due to the small sample size, and the fact that one
study contributed 17 of the effect sizes, it is expected
that the large confidence intervals would overlap with
0. There was no between or within study variance—uy
= uy = 0. Figure 4c shows the distribution of effect
sizes for the EEG paradigms. Due to the variability that
is seen in the frequency that is used, an exploratory
analysis, which looks at frequency as a contributing fac-
tor to the EEG findings, is reported in Additional file 3.
All studies reported in Table 1 under the EEG subhead-
ing are included.
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19) and the graph is split by paradigm. Solid line represents no effect; positive effect sizes represent instances where ASD participants performed
worse than NT; dot-dashed line represents the effect sizes extracted from the initial model. a Reaction time data (g = 0.384), b eye-tracking data
(g =0917) and c EEG data (g = 0.642)

fMRI

The 11 studies that investigated the difference between
ASD and NT participants covered emotion recognition
and distinguishing between coherent BM PLD and
scrambled PLD/fixation baseline or coherently moving
dots. Due to the small sample of studies and the fact that
two studies did not find any significant brain areas, and
one study only found difference in the ASD > NT con-
trast, all studies were analysed together for the NT >
ASD contrast. Only Koldewyn et al. [57] and Jack et al.
[73] found differences where ASD participants showed
significantly higher activated regions when compared to
NT. Since these were the only two studies to show this
contrast, no further analysis was done for the ASD > NT

contrast. This led to the inclusion of eight studies (62
foci). Due to the small number of included studies, we
used the uncorrected p values at a level of 0.001 and a
minimum cluster size of 200 mm?. Table 6 and Fig. 5
present the results from the NT > ASD comparison. Five
clusters were identified where the NT participants
showed greater activation than the ASD participants. In
the left hemisphere, one cluster peaked at the left uncus,
Brodmann area (BA) 20, and one at the middle cingulate
gyrus (MCG), BA 24. The remaining regions were in the
right hemisphere, where one region peaked at the mid-
dle occipital gyrus (MOG) (BA 19), one region at the su-
perior temporal gyrus (STG) (BA 41) and one cluster
with two peaks at the middle temporal gyrus (MTG) and
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Table 6 Regions with significantly elevated activation likelihood from the ALE analysis

Comparison  Cluster  Brain BA  Volume  Talairach ALE Range Centred at
region (mm?) ; Y z (1079 From o
X y z X y z X y z
NT > ASD #1 R SIG 41 408 44 -32 4 1.69 40 -34 0 48 -28 6 44.1 -313 31
#2 R MITG 39 312 48 -60 8 1.07 46 -64 4 50 -56 12 49 —-622 5.1
TG 50 -68 0
#3 R MOG 19 264 46 -74 -6 1.20 40 -76 -8 48 -70 -4 444 —-727 —-62
#4 L Uncus 20 248 -32 -4 =28 121 -36 -8 -30 -30 O -26 =327 -43 =281
#5 L MCG 24 408 -8 -4 46 1.72 -12 -8 42 -4 0 50 -8 —-45 457

BA Brodmann area, STG superior temporal gyrus, MTG middle temporal gyrus, ITG inferior temporal gyrus, MOG middle occipital gyrus, MCG middle cingulate

gyrus, R right, L left

the Inferior Temporal Gyrus (BA 41 and 39 respect-
ively). The resulting map overlays were produced on a
standardised structural scan using Mango v4.1 [104]
(rii.uthscsa.edu/mango).

Discussion

The aim of this meta-analysis was to investigate whether
ASD individuals show differences in their ability to per-
ceive and interpret biological motion when compared to
NT individuals. This question has been under discussion
for decades and contradicting results have continuously
appeared in the literature. Therefore, a quantitative sum-
mary of the results was necessary to allow research to
move forward in understanding the atypicalities present
in ASD. The current study investigated several potential
factors that could contribute to the variable and often
mixed results in this field. We explored the possibility of

different paradigms being a reason for these varied find-
ings and the effect of age, sex and IQ on participants’
performance.

This meta-analysis showed that there is a medium ef-
fect indicating an overall decreased performance in per-
ceiving and interpreting biological motion for ASD
individuals. Specifically, the present findings show that
individuals with autism show lower levels of perform-
ance when higher order information, such as emotion, is
required to be extracted from biological motion. More-
over, age is a significant contributing factor to the vari-
ability of the results, as different age groups show
different degrees of performance decrement. Addition-
ally, we did not find a significant effect in reaction time
data, suggesting no delays responding to stimuli once
recognised. Further, the effect size of the eye-tracking
results would argue that autistic individuals do not

Left

Right
Hemisphere | Hemisphere

Fig. 5 Brain area activation from ALE analysis. a Uncus. b Central gyrus. ¢ Superior temporal gyrus. d Middle occipital gyrus. e Inferior temporal

gyrus. f Middle temporal gyrus

~
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attend to or orient towards BM. However, the small
sample of studies and its variability lead to a non-
significant estimated effect size, even though the effect
size would be constituted as ‘large’. This variability is
evident in the distribution of the study effect sizes
around the average effect size. Thus, the absence of sig-
nificance in the eye-tracking results may possibly be
mainly attributed to the small sample. A similar pattern
is seen from the EEG studies. Finally, the five clusters
identified in the fMRI ALE analysis to show higher acti-
vation for NT than ASD individuals provide evidence for
a potential neural basis for the difference in BM percep-
tion abilities.

Differences in performance increase with the increase in
task complexity
Biological motion can convey various types of information.
It can provide simple information about what others
around us are doing, or more complex information, for ex-
ample about the emotional state of others [1, 2]. All this in-
formation is of great importance in social interaction.
Although, Koldewyn et al. [22] argue that individuals with
ASD can perceive/detect biological motion, we found a
general decreased performance in the perception of BM in
ASD individuals in all paradigms, including simple BM de-
tection. Moreover, there was no difference in performance
between BM detection and action recognition. This indi-
cates that although biological motion detection requires
simple integration of motion elements, decreased perform-
ance at this level already exists, hindering recognition. Fur-
thermore, the effect size of the difference between the NT
and ASD individuals was about twice the size when emo-
tion recognition paradigms were employed. Thus, aligned
with Koldewyn et al’s [22] arguments, there is in fact de-
creased performance when the extraction of emotion infor-
mation is required but this would manifest on top of the
already existing decreased performance with simple detec-
tion of BM. Similar findings were also observed by Federici
et al. (41), where inferring higher order information from
PLDs showed larger effects. This is an expected finding
since ASD is defined with difficulties in social interaction
and communication. Emotion recognition is a highly social
process, making it more cognitively demanding than BM
identification which would rely on perceptual decisions.
The effect of paradigm in our meta-analysis may be because
emotion adds an additional layer of social complexity in
comparison to simple BM identification or action recogni-
tion, making it more difficult for individuals with ASD to
perform on such tasks. This difference between the two
groups is true even when simple and complex emotional
recognition tasks are used ([23, 105-107], but see [108]).

It is worth noting that we did not find significant ef-
fects when reaction time was the measured outcome.
Even more, the effect size that we found would be
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considered small according to Cohen’s [97] characterisa-
tions. Although, a recent meta-analysis has shown that
global information integration takes time in autism,
which is evident in slower reaction times [21], this is not
evident in biological motion perception. A possible ex-
planation is that motion introduces an additional factor,
which is suggested by reported higher motion thresholds
in autism [13, 109]. Moreover, biological motion percep-
tion has longer spatiotemporal integration windows than
simple motion stimuli, which could make it more diffi-
cult to detect small differences in reaction time [110].
Thus, the decreased performance in perceiving biological
motion is a combination between motion and the social
factor of human movement, which is more evident in in-
terpretation, rather than in time taken for processing.

This finding, that different paradigms introduce vary-
ing effect sizes emphasises that when the research com-
munity is trying to explain differences between NT and
ASD individuals, it cannot simply talk about biological
motion perception as a whole. Instead, the nuances that
different paradigms bring need to be emphasised. More-
over, the different paradigms are not comparable; in-
stead they provide different levels of understanding of
the abilities of individuals with ASD.

Differences between ASD and NT individuals decrease
with age

The developmental course of BM perception in ASD is
critically important, especially since so many contradic-
ting results have been found between different age
groups [12, 14, 46, 49, 60, 64]. Overall, it appears that
the size of the difference between the two groups is lar-
ger when children are investigated. On the other hand,
the effect size when adults were studied did not differ
from the effect size when adolescents were studied.

Our findings imply that ASD individuals tend to catch
up with age and that performance within ASD becomes
more aligned with the NT population. This in turn cor-
responds to the general improvement with age observed
within NT individuals [111]. Despite this catch up how-
ever, the size of the differences between the two groups
was significant at every age category, indicating consist-
ent difference in performance but to a varying degree
dependent on age. Thus, whilst NT and ASD tend to
both improve in their ability to detect BM, ASD individ-
uals do so at a slower rate. This implies the existence of
a developmental delay in the extraction of relevant social
information from biological motion. It should be noted
that Annaz et al. [13] also did not find a relationship
with age in children with ASD for non-biological motion
coherence and form-from-motion paradigms, whereas
the effect was present in NT individuals. Thus, it appears
that there might be a global delay in motion coherence
sensitivity in ASD. Although, Simmons et al. [7] argue
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for inconsistency in the literature about motion coher-
ence and ASD, elevated motion coherence thresholds
have been found by others (e.g. [19, 22]). Moreover, Van
der Hallen et al.’s [40] findings suggest specifically that
there is an overall decreased performance in global mo-
tion perception in individuals with ASD, for both coher-
ent and biological motion.

To sum, the variability in the behavioural findings in
the literature can be explained largely by the fact that
ASD participants cannot be put together as a single
group. As well as talking about the nuances that individ-
ual paradigms bring, we need to distinguish between the
different age groups. Thus, a study aiming to investigate
performance in adults should not look for effects as
large as the ones found in children, as they are statisti-
cally not comparable.

No effect of sex, FSIQ and NVIQ on performance on BM
paradigms

It has been suggested that ASD is expressed differently
in males and females and that females could be the
source of variability in some of the results related to
performance in the ASD literature [21]. However, we
did not find any significant effects of the proportion of
females in either the NT or ASD sample. Furthermore,
neither the FSIQ nor the NVIQ of either group revealed
a significant effect on the overall performance. Al-
though some studies have argued for [17, 18] and
against [19, 20, 40] the effects of IQ, those that find ef-
fects usually have lower IQ scores in comparison to the
ones that do not find this effect (but see ref [10]). The
mean FSIQ in the current meta-analysis was also
higher—with averages in the behavioural, eye-tracking
and fMRI designs falling between 103 and 112. Thus, it
is possible that any variability that may be explained
from an IQ perspective might not have been captured
in this analysis or in studies where the IQs are above
100. Thus, the present findings may not necessarily be
transferable to ASD individuals at the lower end of the
IQ distribution. However, since research is usually done
on individuals of average or above average 1Q, this nu-
ance would not be captured unless more research is
adapted and done with individuals on the lower side of
the 1Q distribution.

Brain and behaviour
From a brain imaging perspective, we aimed to investi-
gate both EEG and fMRI. This was driven by the fact
that it has been suggested that individuals with ASD
utilise different brain networks when observing bio-
logical motion [14].

EEG studies, which usually rely on mu-suppression as
a proxy for the MNN in ASD, argue for an impaired
mirror system in autism [35, 38, 67, 112]. Specifically,
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they have consistently found reduced mu-suppression in
central electrodes. Similar findings have been indicated
by a meta-analysis conducted by Fox et al. [37]. How-
ever, we did not find a significant effect for the differ-
ence between ASD and NT individuals. There are two
possible explanations for this result. One possibility is
that the effect sizes were too small to be considered sig-
nificantly different from 0. This, however, does not seem
to be the case, as there is a good distribution of results
on both sides of the no-difference line. The second pos-
sibility is that the small sample of studies did not pro-
vide enough data points to allow for a stable estimate to
be given. This is especially evident by the lower bound
of the 95% CI for the overall effect size, as it stays very
slightly below 0. Furthermore, the exploratory analysis,
which is reported in Additional file 3, showed that de-
pending on the frequency used to perform the analysis,
the effect size can differ greatly. Thus, for some conclu-
sion to be made from the EEG studies, a common ana-
lysis structure needs to be agreed upon. However,
Hamilton [43] argues that support for a difference from
these studies is weak and mixed, which also speaks for
the unreliable findings. Moreover, it has been argued
that mu suppression findings can be unreliable as they
are very much dependent on the baseline that is chosen
[113]. Although some of the studies identified here used
the same paradigm with the same baseline [35, 112,
114], this was not the case for all of them [38, 67], which
makes it difficult to compare the findings. Thus, a gen-
eral standard for data analysis and what constitutes as a
baseline needs to be set before any conclusions can be
drawn.

From an fMRI perspective, we investigated the differ-
ences in brain activation between ASD and NT in bio-
logical motion perception and emotion recognition. It is
noteworthy that emotion perception and BM observa-
tion paradigms were analysed together, due to the small
sample size. Unfortunately, we were unable to identify
significant clusters that overlapped between the studies.
However, the exploratory analysis showed that by using
a more relaxed threshold, the areas that come up as dif-
ferent between the two groups correspond to the areas
that have been identified in the biological motion per-
ception literature.

In short, we found five clusters where NT individuals
showed greater activation than ASD individuals: the left
uncus, left middle cingulate gyrus, right middle occipital
gyrus and one cluster peaking at the right superior and
middle temporal gyri. These findings are consistent with
literature showing right hemisphere dominance in the
processing of biological motion [115, 116]. Particularly,
the right ITG and the right middle temporal gyrus (MTG)
have been observed to be specifically implicated in the ob-
servation of human motion [116-118]. Additionally, the
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ITG has been found to be part of the BM processing net-
work of NT in McKay et al’s [14] experiment but not in
ASD, which corresponds to our findings. Similarly, the
MTG is related to the perception of human movement.
Peelen and Downing [119] argue that the MTG is part of
the extrastriate body area (EBA) and that its activation
during action observation is due to it representing the
shape and posture of the body rather than the action.
Additionally, Thompson and Baccus [120] argue that mo-
tion and form make independent contributions to the pro-
cessing of biological motion in the MT areas. Specifically,
the MT areas respond a lot more to the motion aspects,
and EBA to the representation of human form. However,
since these areas overlap [120] and the observed cluster in
these results peaked at MTG and ITG, it could be ex-
pected that the activation is due to an interplay between
the motion and human form information. This collabora-
tive mechanism has previously been suggested by Down-
ing and Peelen [115]. If individuals with ASD have
problems perceiving the basic human shape and posture,
it is understandable why there appeared to be consistent
differences in behavioural performance between ASD and
NT individuals in all biological motion paradigms investi-
gated here. Moreover, as mentioned earlier, with the in-
creased motion thresholds found within individuals with
ASD [109], it could be expected that impairments would
come from both motion and human form detection.
Interestingly, the superior temporal sulcus (STS) is a
region that has been implied to be important in bio-
logical motion perception [2, 116]; however, we did not
find higher STS activation in NT in comparison to ASD.
Nevertheless, we did find the superior temporal gyrus
(STG) to have higher activation in NT. Previous findings
[2, 116, 121] have argued that the STS is involved in so-
cial perception, namely it integrates the social context
with the actor’s actions. Nevertheless, McKay et al. [14]
also did not find the STS to be involved in simple bio-
logical motion perception. Since their paradigm is simi-
lar to the paradigms used in the papers, which
dominated in the present analysis, it fits that we also did
not find STS activation. However, the proximity of the
STG to the STS suggests that there might be some po-
tential overlap which could be driven by the inclusion of
the emotion-related BM paradigms in the analysis. In
fact, the STG has been found to show activation when
observing emotional biological motion and in biological
motion perception paradigms in general [116, 122, 123].
Despite both the low number of studies which were
included in the ALE analysis and the exploratory nature
of the results, the brain areas found were consistent with
BM processing literature. Moreover, differences in these
brain areas can and do show differences in behaviour.
This finding emphasises the connection between brain
differences and behavioural performance. However, due
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to the small number of studies and the fact that a more
constrained threshold did not show any significant
values, some caution needs to be taken when interpret-
ing these results.

Methodological limitations

The quality of a meta-analysis is only as high as the
quality of the studies that it includes. The studies that
we included received a relatively high score on our
quality assessment measure with little variance between
the studies. The major methodological issues of the in-
cluded studies were the small sample sizes and the fact
that on several occasions there were no corrections for
multiple comparisons. However, the correction for
multiple comparisons should not have affected our re-
sults as we used the descriptive or test statistics, rather
than the p values. Nevertheless, it was evident in the
behavioural analysis that the quality of the studies
played a significant role in reducing variability and
allowing for better interpretability of the statistical re-
sults. This indicates that small changes in the quality of
a study contributed enough to influence the results.
Specifically, it appeared that the higher the quality of a
study, the smaller the effect size was; indicating that
better controlled studies produced smaller effect sizes.
The same finding was observed by the publication bias
analysis, which showed that studies with smaller stand-
ard errors produced smaller effect sizes. This on its
own is an important discovery about the control that is
used when developing a study paradigm. It is possible
that with a better controlled study, larger amounts of
variability are controlled, reducing any additional exter-
nal effects. Thus, future autism researchers should aim
to provide even more methodologically sound results,
to allow them to distinguish between external hetero-
geneity and within-ASD heterogeneity.

Additionally, in our criteria ,we aimed to include stud-
ies that utilised either the gold standard (i.e. ADOS plus
ADI; see [7]) or expert clinical opinion when confirming
the ASD diagnosis of their participants. However, during
the selection process, we realised that a number of stud-
ies did not employ the gold standard and rather used
various diagnostic measures. For that reason, we ex-
panded our inclusion criteria to include at least some
form of diagnosis confirmation. Worryingly, one of the
reasons that studies were not included in the present
analysis was that the diagnosis was not confirmed by any
means, let alone by using the gold standard. However,
the concept of a gold standard is a matter of debate
[124] and it has been noted that the scales do not always
capture individuals that have been diagnosed with
Asperger’s syndrome [45]. Thus, how ASD participants
ought to be identified in future studies needs to be
explored.
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Furthermore, even though it is argued that a quantita-
tive summary on two effect sizes is better than simple
counts of positive vs. negative effects [125], statistical
analysis, and the confidence one can give to it, is propor-
tionally dependent to its sample size. Although the
three-level model has allowed us to utilise more than
one effect size per study, thus increasing the number of
cases included, the resulting sample is still small, espe-
cially for some of the categories of analysis. This is
mainly true for the EEG analysis, where one study pro-
vided most of the effect sizes. Thus, when interpreting
the results from this meta-analysis, the number of stud-
ies in each part needs to be considered. Furthermore,
the number of effect sizes that we were able to include
in some of the analyses (eye-tracking, RT, EEG and
fMRI) did not allow us to investigate important factors
such as paradigm and age. This unfortunately limits our
ability to interpret the effect of those factors. Neverthe-
less, if we look at the behavioural results, then we can
conjecture that these factors will be important and will
also need to be considered, when new paradigm designs
are considered, or when interpreting the overall weight
of the effects found in the literature.

Finally, we included studies from unpublished sources,
such as dissertations and theses in an attempt to reduce
the chances of a publication bias. Nevertheless, most of
these unpublished sources were significant. However,
this does not exclude the ‘file drawer effect’ where non-
significant findings are likely to not be published. It is
also possible that the Egger regression method is captur-
ing other types of bias, for example the heterogeneity be-
tween the studies themselves, which is expected due to
the ASD population being heterogeneous [102].

Conclusions and future directions

Overall, it appears that individuals with ASD show lower
performance measures than NT individuals on tasks in-
volving the detection and interpretation of BM. How-
ever, age and the type of paradigm used have a great
influence on the size of the difference between ASD in-
dividuals’ performance and the performance of NT indi-
viduals. We show that there is a developmental delay in
BM understanding, which improves with age within the
ASD population and explains the high variability in the
results established in the literature. Moreover, autistic
individuals show consistently lower performance in par-
adigms requiring the extraction of emotion from BM in
comparison to action recognition or simple BM detec-
tion. This finding is more meaningful, considering that a
main characteristic of ASD is an impairment in social
communication and that interaction and emotional por-
trayal of biological motion has great social relevance. Fi-
nally, we find that there appear to be differences
between ASD and NT groups in brain activations when
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viewing BM and those differences can provide an insight
to why the behaviour that we observe exists.

For the field of research to move forward, methodo-
logical standards need to be imposed in terms of the age
ranges incorporated, and the types of paradigms used.
However, interpretation standards need to be considered
as well. Although it appears that there is variability in
the literature as to whether and how large the effects
are, the effects are actually varied due to the combin-
ation of various factors. For proper interpretation of the
field, the paradigm used and the age of the participants
need to be considered as segregating factors. This is im-
portant because a child with autism might have difficulty
perceiving biological motion, but by the time they reach
adulthood, that effect might have subsided. Similarly, in-
dividuals with autism might find it much more difficult
to extract emotion information from human movement,
but they are much better at describing non-affective ac-
tions. Finally, as a field, autism research is going to find
heterogeneous findings, due to the innate variability be-
tween autistic individuals. However, sound methodo-
logical principles when developing studies will reduce
that variability and allow for better consistency and eas-
ier interpretation.
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